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REVIEW

Looking into the world’s largest 
elephant population in search of ligninolytic 
microorganisms for biorefineries: a mini‑review
Bame Rammala* and Nerve Zhou* 

Abstract 

Gastrointestinal tracts (GIT) of herbivores are lignin-rich environments with the potential to find ligninolytic microor-
ganisms. The occurrence of the microorganisms in herbivore GIT is a well-documented mutualistic relationship where 
the former benefits from the provision of nutrients and the latter benefits from the microorganism-assisted diges-
tion of their recalcitrant lignin diets. Elephants are one of the largest herbivores that rely on the microbial anaerobic 
fermentation of their bulky recalcitrant low-quality forage lignocellulosic diet given their inability to break down 
major components of plant cells. Tapping the potential of these mutualistic associations in the biggest population of 
elephants in the whole world found in Botswana is attractive in the valorisation of the bulky recalcitrant lignin waste 
stream generated from the pulp and paper, biofuel, and agro-industries. Despite the massive potential as a feedstock 
for industrial fermentations, few microorganisms have been commercialised. This review focuses on the potential of 
microbiota from the gastrointestinal tract and excreta of the worlds’ largest population of elephants of Botswana as a 
potential source of extremophilic ligninolytic microorganisms. The review further discusses the recalcitrance of lignin, 
achievements, limitations, and challenges with its biological depolymerisation. Methods of isolation of microorgan-
isms from elephant dung and their improvement as industrial strains are further highlighted.
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Background
With over 130,000 elephants, Botswana has over a third 
of Africa’s population of elephants and the largest in the 
whole world [1]. Negative impacts of big herds of ele-
phants such as environmental damage through destruc-
tion of vegetation by trampling and foraging [2] are major 
cause of concern. Elephants forage for more than 18  h 
and consume between 100 and 300  kg of vegetation in 
a day. This foraging strategy involves the consumption 

of large quantities of poor-quality forage to sustain their 
huge metabolic requirements [3–5]. For efficient fer-
mentative digestion, elephants harbour microorganisms, 
which compensate for their inability to break down the 
recalcitrant ligninolytic plant diet [5]. There is poten-
tial in tapping such symbiotic associations involving the 
gut microbiota of the largest population of elephants to 
solve the environmental challenge associated with bulky 
lignin waste streams generated from the pulp and paper, 
biofuel- and agro-industries. Although other ways of uti-
lising lignin wastes are well documented [6], the use of 
lignin as a carbon substrate for microbial fermentation in 
a biorefinery valorisation strategy is sustainably attrac-
tive. The recalcitrance of lignin to microbial breakdown 
has remained as the major drawback. Although other 
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strategies to develop ligninolytic microorganisms are 
possible, the search for efficient and industrially suit-
able ligninolytic microorganisms from natural environ-
ments is attractive [7–10]. Literature suggests that the 
gut microbiota of animals with a lignocellulosic diet is 
very promising in the search for potential ligninolytic 
microorganisms [11–13]. The isolation of microorgan-
isms from gastrointestinal tracts of animals with pref-
erential carbon utilisation ranges for the development 
of industrial applications is well a documented strategy 
[14–17]. This review uniquely focuses on the potential 
of isolation of robust ligninolytic microorganisms from 
the world´s largest population of elephants in Botswana. 
The wider choice of elephants to isolate potential ligni-
nolytic microorganisms from increases the chance to 
find novel degradation pathways. Botswana has an arid to 
semi-arid climate, resulting in desert-like conditions for 
about a third of the country and highly variable rainfall 
patterns [18]. The extreme environmental conditions in 
Botswana provide a selective pressure for extremophilic 
microorganisms, which could minimise the costs of 
pre-treatment processes of lignin depolymerisation and 
improve the efficiency of the production process where 
stress-tolerant and robust commercial-scale lignin degra-
dation processes are required. In addition to presenting 
elephants as a potential source of ligninolytic micro-
organisms, this review further addresses the gaps and 
challenges in the biorefinery approach to valorise waste 
lignin by highlighting the current sources of ligninolytic 
microbes of animal guts origin and describing the devel-
opment of ligninolytic isolates from elephant guts as 
well as advances in isolation of ligninolytic microorgan-
isms from herbivore dung. The review further discusses 
the potential of elephant gut-associated symbionts as 
extremophilic industrial-scale production strains, as ele-
phants of Botswana inhabit extremely hot and semi-arid 
to arid environments and migrate hundreds of kilome-
tres around the region further subjecting the symbionts 
to a wide range of selection pressures. The extremophilic 
traits as key traits for desirable strains for an efficient and 
sustainable biorefinery are further discussed. Lastly, the 
review gives an overview of approaches that can be used 
to improve the ligninolytic properties of elephant gut-
associated strains.

Lignin waste stream background
The valorisation of abundant lignin from agro and indus-
trial processing, considered as wastes, has been a topic 
for research. About 130 million tonnes of lignin are pro-
duced from the pulp and paper industry annually [8, 
19, 20]. In addition, the second generation of bioetha-
nol from lignocellulosic feedstocks may generates about 

70,000 tonnes of lignin annually [21]. Furthermore, 
lignin, one of the major components of the lignocel-
lulosic biomass (LCBM) [22], is the second most abun-
dant source of carbon on earth after cellulose [23–22]. 
With climate change and the need to reduce depend-
ence on petroleum fuels, lignin waste generation during 
bioethanol production is projected to increase rapidly to 
approximately 225 million tonnes by 2030 [26]. About 1 
kg lignin is generated as a byproduct from every liter of 
bioethanol produced [27]. Waste lignin routes of utilisa-
tion either are not environmentally friendly or cannot 
cope with the abundant amounts being produced. Some 
industries discard lignin as wastewater to the detriment 
of marine life as it accumulates in water bodies [28, 29]. 
Valorisation of this “waste” stream remains limited in 
market and product diversity. The most predominant 
methods of lignin upgrading in a biorefinery concept are 
either thermochemical: pyrolysis, hydrogenolysis, hydro-
thermal liquefaction, physical: steam explosion, mechani-
cal grinding, combustion [6, 30] or chemical: acid, base or 
metallic catalysts, oxidative lignin depolymerisation [31]. 
Although these methods produce a wide range of prod-
ucts of importance such as pyro char, bio-oil, ethylene 
benzene and others [6], they have several drawbacks such 
as high-energy demands, complicated process control 
and complex product formation due to the general inert-
ness of lignin [6, 32]. Moreover, the poorly established 
methods may lead to other modifications to lignin result-
ing in increased recalcitrance and subsequent difficulty in 
the separation of the desired products from the repoly-
merised lignin [21, 33, 34, 35]. In a world of a fast-grow-
ing population, dwindling resources and climate change, 
such unsustainable methods of lignin depolymerisation 
are being challenged by a much more attractive biologi-
cal valorisation approach. Research increasingly sug-
gests that some microorganisms have natural ligninolytic 
capabilities [36, 37, 38, 39, 40]. Using microorganisms 
as cell factories to depolymerise lignin in a biorefin-
ery concept [41, 42, 43, 44, 45, 46] generates negligible 
wastes (environmentally friendly), reduces greenhouse 
gas emissions, and produces several speciality chemi-
cals (from many metabolic pathways) which feeds into 
an attractive circular bioeconomy [24, 27, 47]. The gas-
trointestinal tract provides an anaerobic environment, 
which further influences the possibility of finding robust 
anaerobic ligninolytic microorganisms. However, anaero-
bic lignin depolymerisation is still unclear [48]. Bacteria 
able to degrade lignin under anaerobic conditions remain 
a minority [49], but a novel facultative bacterium, Tolu-
monas lignolytica has been investigated for lignin depoly-
merisation under anaerobic conditions [50], although the 
strain was isolated from tropical rain forest soil [51].
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Lignin depolymerisation using ligninolytic 
microorganisms: limitations and challenges
The major bottleneck to the microbial valorisation of 
lignin as outlined in Fig. 1, is the challenge to find robust 
lignin-degrading microorganisms despite the attractive-
ness of biological depolymerisation.

The recalcitrance of lignin to microbial breakdown is 
one major challenge hindering the utilisation of the inex-
pensive waste stream [54]. Literature on lignin gener-
ated from different industries suggests that about only a 
meagre 2% of the lignin substrate is turned into various 
value-added products such as adhesives, additives, vanil-
lin, carbon fibre, polyurethane [33, 55, 56]. A consortium 
of microorganisms isolated from lignin-rich sources has 
been suggested to have the capability to overcome the 
recalcitrance challenge [57, 58]. A synergistic enzymatic 
and microbial lignin conversion alternative strategy to 
reduce the inefficiency of the process can be used [24]. 
Fungi such as Phanerochaete chrysosporium, Aspergillus 
sp. and Trametes trogii S0301 are naturally more efficient 
lignin depolymerisers than any other microorganisms 
that have been extensively studied [23, 59, 60, 61]. How-
ever, there are many challenges with the use of fungi for 
commercial-scale depolymerisation of lignin such as 
their requirement for co-substrates for mycelial growth, 
making the process more costly and therefore less scal-
able [62, 63]. Furthermore, fungi have a relatively slow 
growth rate and poorly adapt to industrial conditions 

(temperature, pH, and poor oxygen conditions) and are 
therefore difficult to cultivate [23]. In addition, the prac-
tical challenges of complex fungal protein expression and 
fungal genetic manipulation further point to the absence 
or lack thereof of commercialised fungal biocatalytic 
processes [32, 64]. Apart from fungi, bacteria genera 
such as Streptomyces, Nocardia, Sphingobium, Rhodo-
coccus, Pseudomonas, Serratia, to name but a few, have 
been reported to have lignin-depolymerising capabilities 
[8] (Table 1) despite the poor availability of information 
and characterisation studies [65]. Compared to fungi, 
bacteria seldomly require co-substrates for growth, tol-
erate wider industrial parameters (pH, temperature, 
and absence of oxygen), have a short incubation period, 
have versatile ligninolytic pathways, are often amenable 
to genetic modifications, and adapt to changes in indus-
trial conditions with relative ease than fungi [58, 66, 67, 
68]. However, a notable gap when depolymerising lignin 
with bacteria is the limited performance as compared to 
fungi [31, 69, 70]. Typical examples of bacteria currently 
being used at the industry level are Ralstonia eutropha 
and Pseudomonas putida which have been used to pro-
duce PHAs at a large scale [71]. Apart from fungi and 
bacteria, yeasts such as Rhodotorula glutinis, Rhodo-
torula vanillica, Trichosporon cutaneum [71, 72] have 
been documented to utilise synthetic lignin and some 
lignin monomers to produce lipids. Yeasts have shown 
increased potential in valorising lignin-like dyes, have a 

Fig. 1  Highlights lignocellulosic biomass pretreatment leading to the release of cellulose, hemicellulose (their value-added products) and lignin. 
Some of the challenges of biological lignin valorisation are highlighted. Adapted and modified from [52, 53]
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higher growth rate than other microorganisms, a high 
endotoxin-free cell biomass and short processing time 
[73, 74]. However, yeasts do not natively secrete any 
haeme peroxidases [75, 76]. Recently, the possibility of 
engineered budding yeast Saccharomyces cerevisiae to 
produce coumarin from lignin was explored [77]. Of all 
the documented species able to degrade lignin, few have 
been commercialised or applied at the industrial level, 
[27]. Most lignin-degrading microorganisms grow under 
aerobic conditions [37]. Aerobic industrial fermentations, 
however, are less efficient because of the rate-limiting 
oxygen limitations caused by the low solubility of oxygen 
in water and other fermenting liquids [78]. The concen-
tration of oxygen in large-scale bioreactors is kept ade-
quate by increasing the agitation speed of impellers and 
aeration rate. The mechanical agitation processes are 
therefore energetically expensive, not compatible with 
use of filamentous fungal production strains and shear 
sensitive strains. Therefore, there is need for develop-
ment of anaerobic valorisation of lignin to increase the 
productivity of the processes.

Elephant gastrointestinal tract as possible source 
of extremophilic ligninolytic microorganisms
African elephants are megaherbivores consuming very 
large amounts of woody vegetation and fewer grasses 
characteristic of the savannah biome [97, 98]. Their 
woody diet contains about 17–30% of lignin [99]. Ele-
phants ingest huge amounts of poor-quality forage due 
to physiological disadvantages such as lower gut surface 
area and short intestinal tract, which lead to poor extrac-
tion capacity of nutrients [5]. Literature suggests that the 
gut microbiome associated with an animals’ gut is mostly 
influenced by their diet and ecological niches [26, 100, 
101]. Microorganisms inhabiting the gastrointestinal 

tract are known to be unique to their symbiotic hosts 
[3]. It follows therefore that elephants inhabiting other 
geographical regions, for example, Asian elephants, may 
harbour different ligninolytic microorganisms [102]. 
Interestingly, a comparative study on the digestion and 
intestinal tracts of Asian and African elephants suggests 
that the latter have shorter intestines, which therefore 
suggests a poor digestion coefficient than the former 
[103]. The potential to harbour robust ligninolytic micro-
organisms in African elephant guts to ensure the effi-
cient breakdown of recalcitrant lignin associated with 
woody vegetation and a faster gut movement is more 
pronounced to facilitate efficient uptake of nutrients 
[5]. It is noteworthy that although ligninolytic bacteria 
found in ruminants and horses are like those found in 
elephants’ guts, there are unique microorganisms found 
in elephants important to increasing digestive efficiency 
of diets of lower quality [104]. While lignin is difficult to 
depolymerise without oxygen, the anaerobic conditions 
of the elephant GIT may prove to be advantageous as 
anaerobic conditions are necessary for industrial fermen-
tations [48] and lignin depolymerisation under aerobic 
conditions is more challenging as it cannot be degraded 
by low redox potential oxidoreductases due to the three-
dimensional complex that acts as a barrier [48, 105].

Although the type of food ingested and the ecosystem 
of gastrointestinal tracts, characterised by several chemi-
cals, environmental, and physical conditions function-
ally select for the best ligninolytic microorganisms, the 
environment inhabited by the elephants also influences 
the robustness of the microorganisms as a desirable 
characteristic of ligninolytic microorganisms. Botswana 
has arid to semi-arid savannah biomes with unpredict-
able rainfall patterns that are characterised by seasonally 
higher desert-like temperatures as well as hypersaline 

Table 1  Examples of bacteria documented to have lignin-degrading capabilities

Microorganism Product(s) References

Acinetobacter sp. Alkanes, wax esters [32, 79, 80]

Bacillus sp. Mixed aromatic monomers [10, 25, 60, 81]

Citrobacter freundii Phenols [82]

Leucobacter sp. [80, 83]

Nocardia sp. Ferulic acid, vanillic acid [84, 85]

Norosphingobium sp. B-7 Vanillic acid, p-hydroxy benzoic acid [41, 86]

Propionibacterium sp. [36]

Pseudomonas sp. Polyhydroxyalkanoates [80, 87, 88]

Rhodococcus jostii Chloro-benzoate, vanillin [32, 60, 89, 90, 154]

Serratia sp. Propanoic acid, 2-methyl-2,3-dihydro-1-H-benz [g] indole [66, 91, 92]

Stenotrophomonas sp. [93, 94]

Streptomyces viridosporous Acid-precipitable polyphenolic polymeric lignin [83, 95, 96]
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environments [97, 106]. Such environments are charac-
teristic of extreme environments with the potential to 
select for and harbour extremophiles. The specific differ-
ences in types of lignin wastes generated from different 
industrial sectors reduce the potential of finding a single 
best host for lignin valorisation. Desirable ligninolytic 
microorganisms must have extremophilic microorgan-
isms with desirable stress tolerance for industrial condi-
tions [21]. For example, high tolerance for inhibitors such 
as sulphate [28] associated with kraft lignin as the most 
abundant lignin waste is a highly desirable trait of inter-
est. In addition, over a third of Africa’s elephant popula-
tion [106] inhabit protected game reserves such as the 
Chobe National Park, Central Kalahari Game Reserve 
(CKGR) and the Makgadikgadi salt pans game reserves 
which are characterised as pristine environments com-
pletely isolated from anthropogenic activities and pol-
lution. Anthropogenic activities and pollution perturb 
microbial species richness and distribution [100]. Such 
environments suggest that there is a potential to find 
novel ligninolytic microorganisms with potentially unde-
scribed metabolic pathways. Furthermore, the yearly 
migratory behaviour of Botswana elephants from the 
salty regions of the Makgadikgadi Pans to the warm areas 
of Chobe and the Okavango delta as well as to neigh-
bouring Angola, Zambia, and Zimbabwe Trans frontier 
Park (characteristic of different temperatures, climates, 
vegetation, and water access) suggest that their micro-
flora should be flexible to the changing environments. 
The ability of ligninolytic microorganisms to adapt to dif-
ferent environments is a desirable attribute of efficient 
industrial strains [88].

Extremophilic ligninolytic microorganisms: a key 
trait sought in production strains
A recalcitrant biopolymer like lignin requires microor-
ganisms with robust traits. Extremophilic microorgan-
isms with the ability to survive in harsh environments 
could have such unique credentials to remain meta-
bolically efficient in stressful industrial conditions [107]. 
Production strains are subjected to stressful exposure 
to nutrient starvation, pH, temperature, inhibitory and 
toxic chemicals, osmotic stress, and others [88]. Litera-
ture suggests that extremophilic microorganisms have 
phenotypic plasticity that allow them to cope in such het-
erogeneous and stressful environments, adapt and thrive 
even in sublethal conditions [108]. Unexplored meta-
bolic pathways characteristic of elephant guts microbiota 
could be responsible to produce robust enzymes with 
some credentials worth exploring as a fundamental back-
ground for the future of sustainable biorefineries [123]. 
Examples of innate survival mechanisms characteris-
tic of extremophiles which could withstand very harsh 

industrial conditions include the ability to tolerate high 
temperatures, ability to remain metabolically active in 
the presence of process inhibitors (phenolic compounds, 
inorganic ions, furan derivatives, organic acids, and oth-
ers) linked to lignin pre-treatment processes [28]. Pro-
duction strains must therefore be able to withstand the 
ever changing and harsh industrial conditions. Produc-
tion strains selected for the valorisation of lignin need 
to be highly stable [88] because varying industrial condi-
tions could lead to diverse yields of desired low molecular 
weight compounds characteristic ligninolytic processes 
[33]. Examples of traits of importance for lignin-valoris-
ing microorganisms are shown in Table 2. The table gen-
erally suggests the diverse extremophilic traits desirable 
in the biorefinery processes [109, 110]. Lignin-enriched 
media is a common method to screen for potential 
ligninolytic microorganisms, lignin and xylan-amended 
enrichment of Eastern Mediterranean seawater provided 
for a suitable selective media for ligninolytic and extre-
mophilic microorganisms [111].

Ligninolytic microorganisms from other animal 
guts other than elephants
The gut of herbivores is generally considered a putative 
reservoir for ligninolytic microorganisms [80, 123, 124]. 
Microflora from other herbivores’ guts such as monogas-
tric herbivores (such as rhinoceroses, rabbits, and horses) 
and ruminants (cattle, giraffes, and deer) as well as their 
faecal excreta, have also been documented as attractive 
sources [125, 126, 127, 128]. Their lignin-rich diet quali-
fies them as a source of ligninolytic microorganisms. 
Ligninolytic microorganisms from termite guts have also 
been extensively studied [129, 130]. Termite guts harbour 
lignin-degrading bacteria belonging to varied genera 
such as Streptomyces, Pseudomonas, Bacillus and Sporo-
thrix [129]. An extensive review of dung beetles by Nwae-
funa et al., [131], also suggested that exploration of dung 
(excreta) of non-herbivores insects is becoming attractive 
in the search for ligninolytic microorganisms. Identifica-
tion of ligninolytic consortia present in different animal 
guts is increasingly becoming easier using state-of-the-
art high-throughput techniques [13, 132, 133].

Current methods and advances in the discovery 
of ligninolytic microorganisms from herbivore guts 
and dung
Isolation, screening, and detection of metabolites methods
In the quest to isolate ligninolytic microorganisms, one 
of the key factors to first consider is the sample source, 
which is highly probable to be rich in organisms with 
a ligninolytic phenotype such as lignin-rich environ-
ments [27]. The gastrointestinal tract and dung of her-
bivores and grazers are very attractive niches that have 
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yielded many ligninolytic microorganisms [134]. There 
are several methods for isolating microorganisms with 
elevated ligninolytic activity. Use of enrichment media 
either in liquid or on solid media to screen for micro-
organisms that can utilise lignin as a sole carbon source 
and selecting against those that cannot utilise it [41, 42]. 
These methods can be done under anaerobic conditions 
to mimic the gastrointestinal tract environment of the 
elephant to isolate organisms harbouring major enzymes 
that function under anaerobic conditions such as phe-
nyl phosphate synthase [85], glutathione and Dyp-type 
peroxidases identified from the anaerobic Klebsiella sp. 
strain BRL6-2 [135]. Glutathione S-transferase genes 
for lignin degradation were also identified from the fac-
ultative anaerobe Enterobacter lignolyticus SCF1 [70]. 
Isolation of ligninolytic microorganisms under aerobic 
conditions is well documented but does not represent 
the anoxic environment in the GIT but allows the isola-
tion of microbes harbouring oxidative enzymes such as 
peroxidases, laccases, polyphenol oxidases, phenol oxi-
dases [85, 136], possibly from oxygen-exposed excreta of 
elephants. Although quite difficult to depolymerise lignin 
without oxygen, anaerobic conditions are economically 
attractive to produce valuable products by using a less 
expensive anaerobic fermentation process as compared 
to costly aerobic fermentation processes [48]. Examples 
of bacteria able to depolymerise lignin under anaero-
bic conditions include Rhodococcus jostii [64], Tolu-
monas lignolytica [51], Enterobacter lignolyticus [137]. 
If solid media is used, colonies that emerge will suggest 
their ability to utilise lignin sources. A dye decolourisa-
tion method involving the supplementation of the media 
with specific dyes and observing colour changes can also 
be incorporated [65, 138, 139]. Dye decolourisation can 
also be used to indicate potential enzymes responsible for 
lignin depolymerisation. For example, lignin peroxidase 
activity may be observed using methylene blue decolouri-
sation [140]. In most cases colony growth can be qualita-
tive but, in some cases, advanced imaging and software 
can be used to quantitatively determine the size of the 
colonies. The size of the colony can be correlated to the 
utilisation ability. A quantitative method entailing the 
growth of pure isolates in lignin-enriched liquid media 
(lignin as the sole carbon source), and then the determi-
nation of the rate of growth and rate of disappearance of 
lignin is more accurate. Colorimetric assays [90, 117, 141, 
142] and fluorescence assays provide a unique approach 
to tracking the change in the two attributes when lignin 
is broken down [117, 143] while other methods such as 
lignin enrichment media show the potential of a lignin-
degrading microorganism through observation of growth 
on a lignin-enriched media [82]. Strains that have gone 
through primary screening methods further go through 

secondary screening where more detailed screening is 
done. Secondary screening answers questions such as 
yield potential and subsequent industrial applicabil-
ity of isolated strain [144]. The use of chromatographic 
and spectroscopic methods such as GC–MS, HPLC and 
UPLC are typical methods that have been widely used 
to determine and quantify products of lignin degrada-
tion. Recently, Bacillus ligniniphilus L1 was reported to 
have produced 15 unrelated aromatic compounds with 
vanillic acid produced in the highest proportion of 42% 
using these methods, which could have not been the case 
with conventional methods [25]. Low molecular weight 
compounds such as ferulic acid, gallic acid, trimethoxy 
benzaldehyde have been identified from lignin depoly-
merisation using GC–MS [145].

Molecular confirmation of ligninolytic activity 
and identification of ligninolytic isolates
Whilst a microorganism can be primarily screened to 
have ligninolytic potential, further confirmation can be 
done through molecular analyses of the genes encod-
ing ligninolytic activity. The advent of next-generation 
sequencing has become a mainstay allowing multiple 
identifications of such genes. Genes encoding lignin per-
oxidases and manganese peroxidases have been reported 
using this technological advancement [146]. Whole-
genome sequencing and associated bioinformatics tools 
are now being used to predict the putative genes for the 
catabolism of lignin and the derived aromatic derived 
compounds [59] [147, 148]. For example, Lac51 gene 
identified from a metagenomic analysis of panda fae-
ces was found to oxidise a variety of lignin-related com-
pounds such as ferulic acid, guaiacol under conditions 
mimicking the panda GIT [149]. Polyphenol oxidase 
capable of degrading lignin-related compounds was 
also identified from a metagenomic expression library 
of bovine rumen [150]. A dye decolourising peroxi-
dase gene and the genome-based metabolic reconstruc-
tion and other lignin modifying enzymes (LMEs) and 
lignin-degrading auxiliary enzymes (LDAs) have been 
documented [151]. In addition, several gene clusters 
responsible for aromatic depolymerisation [111], classes 
mediating lignin transformations have been identified 
[152], for example, ring hydroxylating oxygenase [153], 
bphA1A2BCD [154], class II peroxidase genes [155].

Identification of isolates to species level using strictly 
conserved sequences of the ribosomal RNA genes in 
both prokaryotes and eukaryotes is a common method 
utilised in modern biotechnology. If a full taxonomic 
resolution is required, then a full gene, multiple loci and 
whole-genome analyses have become attractive to resolve 
the molecular differences. The advent of metagenom-
ics technologies is slowly becoming useful, for example, 
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studies using this technique on the Anoplophora glabrip-
ennis dung beetle microbiota have also reported on the 
presence of genes encoding enzymes with lignin depoly-
merisation capability such as laccases, dye decolourising 
peroxidases, β-etherases [156].

Strategies to improve ligninolytic activity 
of microorganisms from elephant guts
The challenge of finding robust ligninolytic strains to effi-
ciently utilise recalcitrant lignin remains a major obstacle 
in lignin wastes valorisation. Naturally, microorganisms 
may harbour ligninolytic metabolic pathways albeit with 
a poor ability to depolymerise lignin for profitable com-
mercial scales and depolymerisation in the presence of 
pre-treatment products creating adverse habitat-irrel-
evant industrial conditions. It is therefore imperative to 
improve the ligninolytic activity as well as the produc-
tivity of potential industrial strains. Rational approaches 
to developing the best performing production strains 
have become attractive in developing production strains 
with improved industrially suitable traits have been 
extensively reviewed [157]. Chemical and radiation 
mutagenesis, hybridisation, directed evolution, synthetic 
biology, and targeted metabolic engineering are com-
mon. Hybridisation has been used to create novel strains 
in other fields [157], but none have been described in 
lignin valorisation processes. However, hybridisation 
success frequency happens at a low rate, and it may be 
difficult to identify hybrids [158, 159]. With directed evo-
lution, there are many positives such as no requirements 
for prior genetic knowledge of the strain being developed 
and relative ease of carrying out the procedures, among 
others [160]. Although other negative outcomes of this 
method such as genetic hitchhiking, clonal interference, 
physiological heterogeneity among evolved populations 
[161, 162, 163], it can be used to optimise many indus-
trial strains [157]. Synthetic biology is another powerful 
route that can be used although designing and optimis-
ing robust strains for industrial operations is a challenge 
[164]. Metabolic engineering manipulates various path-
ways of desired secondary metabolites to improve their 
yield, however, the biosynthetic pathways to produce the 
desired products using wild and novel isolates are often 
unknown [165].

Conclusion and future directions
The use of plant biomass as an inexpensive and abundant 
renewable source of industrial substrates and energy is 
attractive for a sustainable global economy. However, as 
discussed in the review, the accumulation of bulky recal-
citrant lignin waste from the pulp and paper, biofuel and 
agro-industries is a major drawback to the feasibility of 
the technologies. The review presented the biological 

valorisation of recalcitrant lignin in an integrated biore-
finery concept as an attractive strategy for increased 
sustainability of biorefineries. The review presented 
the potential in bioprospecting for elephant-associated 
lignin-degrading microorganisms as an attractive strategy 
for the valorisation of lignin wastes towards viable and 
cost-effective biorefineries. The uniqueness of the abun-
dant elephants, the varied climate conditions and the 
pristine biome structure could have shaped life-history 
strategies of ligninolytic microorganisms. Novel micro-
organisms and undiscovered taxa may offer unique ligni-
nolytic capabilities to manage lignin waste streams and 
produce specialty chemicals for a circular bioeconomy.

Acknowledgements
The authors would like to extend their gratitude to Professor Marie F. Gorwa-
Grauslund (Department of Applied Microbiology, Lund University, Sweden) for 
her contribution to this review.

Author contributions
NZ and BR conceived and wrote the paper. Both authors have read and 
approved the final manuscript.

Funding
This work was funded by Botswana International University of Science and 
Technology Research Office Initiation grants (R00026).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 2 February 2022   Accepted: 12 May 2022

References
	 1.	 Chase MJ, Schlossberg S, Griffin CR, Bouché PJ, Djene SW, Elkan PW, Fer-

reira S, Grossman F, Kohi EM, Landen K, Omondi P, Peltier A, Selier SAJ, 
Sulcliffe R. Continent-wide survey reveals massive decline in African 
savannah elephants. 2016. PeerJ., 4: e2354. https://​doi.​org/​10.​7717/​
peerj.​2354.

	 2.	 Warner MZ. Examining human-elephant conflict in southern Africa: 
causes and options for coexistence. 2008. MSc. Thesis. University of 
Pennsylvania. https://​repos​itory.​upenn.​edu/​mes_​capst​ones/​22.

	 3.	 Budd K, Gunn JC, Finch T, Klymus K, Sitati N, Eggert LS. Effects of 
diet, habitat, and phylogeny on the fecal microbiome of wild African 
savanna (Loxodonta africana) and forest elephants (L. cyclotis). Ecology 
and evolution. 2020, 10(12):5637–5650. https://​doi.​org/​10.​1002/​ece3.​
6305.

	 4.	 Ilmberger N, Güllert S, Dannenberg J, Rabausch U, Torres J, Wemheuer 
B, Alawi M, Poehlein A, Chow J, Turaev D, Rattei T, Schmeisser C, 
Salomon J, Olsen PS, Daniel R, Grundhoff A, Borchert MS, Streit WR. A 
comparative metagenome survey of the fecal microbiota of a breast-
and a plant-fed Asian elephant reveals an unexpectedly high diversity 

https://doi.org/10.7717/peerj.2354
https://doi.org/10.7717/peerj.2354
https://repository.upenn.edu/mes_capstones/22
https://doi.org/10.1002/ece3.6305
https://doi.org/10.1002/ece3.6305


Page 9 of 13Rammala and Zhou ﻿Biotechnology for Biofuels and Bioproducts           (2022) 15:64 	

of glycoside hydrolase family enzymes. PLoS ONE. 2014;9(9): e106707. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​01067​07.

	 5.	 Sahu N, Kamra D. Microbial eco-system of the gastro-intestinal tract of 
wild herbivorous animals. J Appl Anim Res. 2002;21(2):207–30. https://​
doi.​org/​10.​1080/​09712​119.​2002.​97063​70.

	 6.	 Cao L, Iris K, Liu Y, Ruan X, Tsang DC, Hunt AJ, Ok YS, Song H, Zhang S. 
Lignin valorization for the production of renewable chemicals: state-of-
the-art review and future prospects. Biores Technol. 2018;269:465–75. 
https://​doi.​org/​10.​1016/j.​biort​ech.​2018.​08.​065.

	 7.	 Anderson AJ, Kwon S-I, Carnicero A, Falcón MA. Two isolates of Fusarium 
proliferatum from different habitats and global locations have similar 
abilities to degrade lignin. FEMS Microbiol Lett. 2005;249(1):149–55. 
https://​doi.​org/​10.​1016/j.​femsle.​2005.​06.​014.

	 8.	 Becker J, Wittmann C. A field of dreams: Lignin valorization into 
chemicals, materials, fuels, and health-care products. Biotechnol Adv. 
2019;37(6): 107360. https://​doi.​org/​10.​1016/j.​biote​chadv.​2019.​02.​016.

	 9.	 Li J, Wang P, Salam N, Li X, Ahmad M, Tian Y, Duan L, Huang L, Xiao M, 
Mou X, Li W. Unravelling bacteria-mediated degradation of lignin-
derived aromatic compounds in a freshwater environment. Sci Total 
Environ. 2020;749: 141236. https://​doi.​org/​10.​1016/j.​scito​tenv.​2020.​
141236.

	 10.	 Roslan MAM, Abidin ZAZ, Omar SM. Screening of ligninase-producing 
bacteria from Southeast Pahang peat swamp forest soil. Malaysian 
Journal of Microbiology. 2016;12(6):433–7.

	 11.	 Ayeronfe F, Kassim A, Hung P, Ishak N, Syarifah S, Aripin A. Production 
of ligninolytic enzymes by Coptotermes curvignathus gut bacteria. 
Scientific Journal of Riga Technical University Environmental and 
Climate Technologies. 2019;23(1):111–21. https://​doi.​org/​10.​2478/​
rtuect-​2019-​0008.

	 12.	 Ayşegül Ö, Rakici E, Bektas KI, Çanakçi S, Belduz AO. Isolation of lignin-
degrading bacteria from different sources and testing of their ligni-
nolytic activities. Journal of Apitherapy and Nature. 2019;2(2):30–45. 
https://​doi.​org/​10.​35206/​jan.​554729.

	 13.	 Gong G, Zhou S, Luo R, Gesang Z, Suolang S. Metagenomic insights 
into the diversity of carbohydrate-degrading enzymes in the yak fecal 
microbial community. BMC Microbiol. 2020;20(1):1–15. https://​doi.​org/​
10.​1186/​s12866-​020-​01993-3.

	 14.	 Madden AA, Epps MJ, Fukami T, Irwin RE, Sheppard J, Sorger DM, Dunn 
RR. The ecology of insect–yeast relationships and its relevance to 
human industry. Proceedings of the Royal Society Biological Sciences. 
1875;2018(285):20172733. https://​doi.​org/​10.​1098/​rspb.​2017.​2733.

	 15.	 Starmer WT, Lachance M-A. Yeast ecology.In: Kurtzman CP, Fell JW, 
Boekhout T, editors. The yeasts. Amsterdam: Elsevier, 2011.p. 65–83.

	 16.	 Stefanini I. Yeast-insect associations: It takes guts. Yeast. 2018;35(4):315–
30. https://​doi.​org/​10.​1002/​yea.​3309.

	 17.	 Suh SO, Marshall CJ, Mchugh JV, Blackwell M. Wood ingestion by pas-
salid beetles in the presence of xylose-fermenting gut yeasts. Mol Ecol. 
2003;12(11):3137–45. https://​doi.​org/​10.​1046/j.​1365-​294X.​2003.​01973.x.

	 18.	 Batisani N, Yarnal B. Rainfall variability and trends in semi-arid Botswana: 
implications for climate change adaptation policy. Appl Geogr. 
2010;30(4):483–9. https://​doi.​org/​10.​1016/j.​apgeog.​2009.​10.​007.

	 19.	 Rinaldi R, Jastrzebski R, Clough MT, Ralph J, Kennema M, Bruijnincx PC, 
Weckhuysen BM. Paving the way for lignin valorisation: recent advances 
in bioengineering, biorefining and catalysis. Angew Chem Int Ed. 
2016;55(29):8164–215. https://​doi.​org/​10.​1002/​anie.​20151​0351.

	 20.	 Van den Bosch S, Koelewijn S-F, Renders T, Van den Bossche G, Vangeel 
T, Schutyser W, Sels B. Catalytic Strategies Towards LigninDerived Chem-
icals. In: Serrano L, Luque R, Sels BF, editors. Lignin Chemistry. Cham: 
Springer International Publishing. 2018. 376:36. https://​doi.​org/​10.​1007/​
s41061-​018-​0214-3.

	 21.	 Beckham GT, Johnson CW, Karp EM, Salvachúa D, Vardon DR. Oppor-
tunities and challenges in biological lignin valorization. Curr Opin 
Biotechnol. 2016;449(42):40–53. https://​doi.​org/​10.​1016/j.​copbio.​2016.​
02.​030.

	 22.	 Bonawitz ND, Chapple C. The genetics of lignin biosynthesis: connect-
ing genotype to phenotype. Annu Rev Genet. 2010;44:337–63. https://​
doi.​org/​10.​1146/​annur​ev-​genet-​102209-​163508.

	 23.	 Yang Y, Zhou J, Lu H, Yuan Y, Zhao L. Isolation and characterization of 
a fungus Aspergillus sp. strain F-3 capable of degrading alkali lignin. 
Biodegradation. 2011, 22(5):1017–1027. doi: https://​doi.​org/​10.​1007/​
s10532-​011-​9460-6.

	 24.	 Zhao C, Xie S, Pu Y, Zhang R, Huang F, Ragauskas AJ, Yuan JS. Syn-
ergistic enzymatic and microbial lignin conversion. Green Chem. 
2016;18(5):1306–12. https://​doi.​org/​10.​1039/​c5gc0​1955a.

	 25.	 Zhu D, Zhang P, Xie C, Zhang W, Sun J, Qian W-J, Yang B. Biodegrada-
tion of alkaline lignin by Bacillus ligniniphilus L1. Biotechnol Biofuels. 
2017;10(1):1–14. https://​doi.​org/​10.​1186/​s13068-​017-​0735-y.

	 26.	 Bajwa D, Pourhashem G, Ullah A, Bajwa S. A concise review of current 
lignin production, applications, products and their environmental 
impact. Ind Crops Prod. 2019;139: 111526. https://​doi.​org/​10.​1016/j.​
indcr​op.​2019.​111526.

	 27.	 Xu Z, Lei P, Zhai R, Wen Z, Jin M. Recent advances in lignin valorization 
with bacterial cultures: microorganisms, metabolic pathways, and bio-
products. Biotechnol Biofuels. 2019;12(1):1–19. https://​doi.​org/​10.​1186/​
s13068-​019-​1376-0.

	 28.	 Abhishek A, Dwivedi A, Tandan N, Kumar U. Comparative bacterial 
degradation and detoxification of model and kraft lignin from pulp 
paper wastewater and its metabolites. Appl Water Sci. 2017;7(2):757–67. 
https://​doi.​org/​10.​1007/​s13201-​015-​0288-9.

	 29.	 Ali M, Sreekrishnan T. Aquatic toxicity from pulp and paper mill efflu-
ents: a review. Adv Environ Res. 2001;5(2):175–96.

	 30.	 Luo H, Abu-Omar MM. Chemicals from lignin. In: Abraham MA, editor. 
Encyclopedia of Sustainable Technologies. Amsterdam: Elsevier; 2017. 
p.573–585. doi: https://​doi.​org/​10.​1016/​B978-0-​12-​409548-​9.​10235-0.

	 31.	 Chio C, Sain M, Qin W. Lignin utilization: a review of lignin depolymeri-
zation from various aspects. Renew Sustain Energy Rev. 2019;107:232–
49. https://​doi.​org/​10.​1016/j.​rser.​2019.​03.​008.

	 32.	 Bugg TD, Ahmad M, Hardiman EM, Singh R. The emerging role for 
bacteria in lignin degradation and bio-product formation. Curr Opin 
Biotechnol. 2011;22(3):394–400. https://​doi.​org/​10.​1016/j.​copbio.​2010.​
10.​009.

	 33.	 Abdelaziz OY, Brink DP, Prothmann J, Ravi K, Sun M, Garcia-Hidalgo 
J, Sandahl M, Hulteberg CP, Turner C, Lidén G, Gorwa-Grauslund MF. 
Biological valorization of low molecular weight lignin. Biotechnol Adv. 
2016;34(8):1318–46.

	 34.	 Asina F, Brzonova I, Voeller K, Kozliak E, Kubátová A, Yao B, Ji Y. Bio-
degradation of lignin by fungi, bacteria and laccases. Biores Technol. 
2016;220:414–24. https://​doi.​org/​10.​1016/j.​biort​ech.​2016.​08.​016.

	 35.	 Silva JP, Ticona AR, Hamann PR, Quirino BF, Noronha EF. Decon-
struction of Lignin: From Enzymes to Microorganisms. Molecules. 
2021;26(8):2299. https://​doi.​org/​10.​3390/​molec​ules2​60822​99.

	 36.	 Chauhan PS. Role of various bacterial enzymes in complete depolym-
erization of lignin: A review. Biocatal Agric Biotechnol. 2020;23: 101498. 
https://​doi.​org/​10.​1016/j.​bcab.​2020.​101498.

	 37.	 Janusz G, Pawlik A, Sulej J, Świderska-Burek U, Jarosz-Wilkołazka A, 
Paszczyński A. Lignin degradation: microorganisms, enzymes involved, 
genomes analysis and evolution. FEMS Microbiol Rev. 2017;41(6):941–
62. https://​doi.​org/​10.​1093/​femsre/​fux049.

	 38.	 Lee S, Kang M, Bae J-H, Sohn J-H, Sung BH. Bacterial Valorization of 
Lignin in Biorefinery Processes. Frontiers in Bioengineering and Biotech-
nology. 2019;7:209. https://​doi.​org/​10.​3389/​fbioe.​2019.​00209.

	 39.	 Rosnow JJ, Anderson LN, Nair RN, Baker ES, Wright AT. Profiling micro-
bial lignocellulose degradation and utilization by emergent omics 
technologies. Crit Rev Biotechnol. 2017;37(5):626–40. https://​doi.​org/​10.​
1080/​07388​551.​2016.​12091​58.

	 40.	 Sekhohola LM, Igbinigie EE, Cowan AK. Biological degradation and 
solubilisation of coal. Biodegradation. 2013;24(3):305–18. https://​doi.​
org/​10.​1007/​s10532-​012-​9594-1.

	 41.	 Chen Y, Chai L, Tang C, Yang Z, Zheng Y, Shi Y, Zhang H. Kraft lignin 
biodegradation by Novosphingobium sp. B-7 and analysis of the degra-
dation process. Bioresource technology. 2012, 123:682–685. https://​doi.​
org/​10.​1016/j.​biort​ech.​2012.​07.​028.

	 42.	 de Gonzalo G, Colpa DI, Habib MH, Fraaije MW. Bacterial enzymes 
involved in lignin degradation. J Biotechnol. 2016;236:110–9. https://​
doi.​org/​10.​1016/j.​jbiot​ec.​2016.​08.​011.

	 43.	 Duan J, Huo X, Du W, Liang J, Wang D, Yang S. Biodegradation of kraft 
lignin by a newly isolated anaerobic bacterial strain, Acetoanaero-
bium sp. WJDL‐Y2. Letters in applied microbiology. 2016, 62(1):55–62. 
doi:https://​doi.​org/​10.​1111/​lam.​12508.

	 44.	 Hatakka A, Hammel KE. Fungal biodegradation of lignocelluloses. In: 
Industrial applications. Springer; 2011: 319–340.

https://doi.org/10.1371/journal.pone.0106707
https://doi.org/10.1080/09712119.2002.9706370
https://doi.org/10.1080/09712119.2002.9706370
https://doi.org/10.1016/j.biortech.2018.08.065
https://doi.org/10.1016/j.femsle.2005.06.014
https://doi.org/10.1016/j.biotechadv.2019.02.016
https://doi.org/10.1016/j.scitotenv.2020.141236
https://doi.org/10.1016/j.scitotenv.2020.141236
https://doi.org/10.2478/rtuect-2019-0008
https://doi.org/10.2478/rtuect-2019-0008
https://doi.org/10.35206/jan.554729
https://doi.org/10.1186/s12866-020-01993-3
https://doi.org/10.1186/s12866-020-01993-3
https://doi.org/10.1098/rspb.2017.2733
https://doi.org/10.1002/yea.3309
https://doi.org/10.1046/j.1365-294X.2003.01973.x
https://doi.org/10.1016/j.apgeog.2009.10.007
https://doi.org/10.1002/anie.201510351
https://doi.org/10.1007/s41061-018-0214-3
https://doi.org/10.1007/s41061-018-0214-3
https://doi.org/10.1016/j.copbio.2016.02.030
https://doi.org/10.1016/j.copbio.2016.02.030
https://doi.org/10.1146/annurev-genet-102209-163508
https://doi.org/10.1146/annurev-genet-102209-163508
https://doi.org/10.1007/s10532-011-9460-6
https://doi.org/10.1007/s10532-011-9460-6
https://doi.org/10.1039/c5gc01955a
https://doi.org/10.1186/s13068-017-0735-y
https://doi.org/10.1016/j.indcrop.2019.111526
https://doi.org/10.1016/j.indcrop.2019.111526
https://doi.org/10.1186/s13068-019-1376-0
https://doi.org/10.1186/s13068-019-1376-0
https://doi.org/10.1007/s13201-015-0288-9
https://doi.org/10.1016/B978-0-12-409548-9.10235-0
https://doi.org/10.1016/j.rser.2019.03.008
https://doi.org/10.1016/j.copbio.2010.10.009
https://doi.org/10.1016/j.copbio.2010.10.009
https://doi.org/10.1016/j.biortech.2016.08.016
https://doi.org/10.3390/molecules26082299
https://doi.org/10.1016/j.bcab.2020.101498
https://doi.org/10.1093/femsre/fux049
https://doi.org/10.3389/fbioe.2019.00209
https://doi.org/10.1080/07388551.2016.1209158
https://doi.org/10.1080/07388551.2016.1209158
https://doi.org/10.1007/s10532-012-9594-1
https://doi.org/10.1007/s10532-012-9594-1
https://doi.org/10.1016/j.biortech.2012.07.028
https://doi.org/10.1016/j.biortech.2012.07.028
https://doi.org/10.1016/j.jbiotec.2016.08.011
https://doi.org/10.1016/j.jbiotec.2016.08.011
https://doi.org/10.1111/lam.12508


Page 10 of 13Rammala and Zhou ﻿Biotechnology for Biofuels and Bioproducts           (2022) 15:64 

	 45.	 Ijoma G, Tekere M. Potential microbial applications of co-cultures 
involving ligninolytic fungi in the bioremediation of recalcitrant xenobi-
otic compounds. Int J Environ Sci Technol. 2017;14(8):1787–806. https://​
doi.​org/​10.​1007/​s13762-​017-​1269-3.

	 46.	 Kosa M, Ragauskas AJ. Lignin to lipid bioconversion by oleaginous 
Rhodococci. Green Chem. 2013;15(8):2070–4. https://​doi.​org/​10.​1007/​
s00253-​011-​3743-z.

	 47.	 Devi A, Bajar S, Kour H, Kothari R, Pant D, Singh A. Lignocellulosic 
Biomass Valorization for Bioethanol Production: A Circular Bioeconomy 
Approach. Bioenergy Research. 2022:1–22. https://​doi.​org/​10.​1007/​
s12155-​022-​10401-9.

	 48.	 Khan MU, Ahring BK. Lignin degradation under anaerobic digestion: 
Influence of lignin modifications-A review. Biomass Bioenerg. 2019;128: 
105325. https://​doi.​org/​10.​1016/j.​biomb​ioe.​2019.​105325.

	 49.	 Brink DP, Ravi K, Lidén G, Gorwa-Grauslund MF. Mapping the diversity 
of microbial lignin catabolism: experiences from the eLignin database. 
Appl Microbiol Biotechnol. 2019;103(10):3979–4002. https://​doi.​org/​10.​
1007/​s00253-​019-​09692-4.

	 50.	 Chaput G, Billings AF, DeDiego L, Orellana R, Adkins JN, Nicora CD, Kim 
Y-M, Chu R, Simmons B, DeAngelis KM. Lignin induced iron reduc-
tion by novel sp., Tolumonas lignolytic BRL6–1. PloS one. 2020, 15(9): 
e0233823.

	 51.	 Billings AF, Fortney JL, Hazen TC, Simmons B, Davenport KW, Goodwin 
L, Ivanova N, Kyrpides NC, Mavromatis K, Woyke T. Genome sequence 
and description of the 521 anaerobic lignin-degrading bacterium 
Tolumonas lignolytica sp. nov. Standards in genomic sciences. 2015, 
10(1):1–11. doi: https://​doi.​org/​10.​1186/​s40793-​015-​0100-3.

	 52.	 Schoenherr S, Ebrahimi M, Czermak P. Lignin degradation processes 
and the purification of valuable products. Lignin-Trends and Applica-
tions. 2018. https://​doi.​org/​10.​5772/​intec​hopen.​71210.

	 53.	 Kwok TT, Luettgen CO, Realff MJ, Bommarius AS. Lignin Value Prior to 
Pulping. In: 40th Symposium on Biotechnology for Fuels and Chemicals: 
2018. SIMB.

	 54.	 Gouveia S, Fernández-Costas C, Sanromán M, Moldes D. Enzymatic 
polymerisation and effect of fractionation of dissolved lignin from 
Eucalyptus globulus Kraft liquor. Biores Technol. 2012;121:131–8. https://​
doi.​org/​10.​1016/j.​biort​ech.​2012.​05.​144.

	 55.	 Kumar P, Maharjan A, Jun HB, Kim BS. Bioconversion of lignin and its 
derivatives into polyhydroxyalkanoates: challenges and opportunities. 
Biotechnol Appl Biochem. 2018;66(2):153–62. https://​doi.​org/​10.​1002/​
bab.​1720.

	 56.	 Lu Y, Lu Y-C, Hu H-Q, Xie F-J, Wei X-Y, Fan X. Structural characterization 
of lignin and its degradation products with spectroscopic methods. J 
Spectrosc. 2017;2017:1–15. https://​doi.​org/​10.​1155/​2017/​89516​58.

	 57.	 Dash PK, Padhy SR, Bhattacharyya P, Pattanayak A, Routray S, Panneer-
selvam P, Nayak AK, Pathak H. Efficient lignin decomposing microbial 
consortium to hasten rice-straw composting with moderate GHGs 
fluxes. Waste Biomass Valorisation.2021;13:481. https://​doi.​org/​10.​21203/​
rs.3.​rs-​203292/​v1.

	 58.	 Wang W, Yan L, Cui Z, Gao Y, Wang Y, Jing R. Characterization of a micro-
bial consortium capable of degrading lignocellulose. Biores Technol. 
2011;102(19):9321–4. https://​doi.​org/​10.​1016/j.​biort​ech.​2011.​07.​065.

	 59.	 Liu Y, Wu Y, Zhang Y, Yang X, Yang E, Xu H, Yang Q, Chagan I, Cui X, Chen 
W, Yan J. Lignin degradation potential and draft genome sequence of 
Trametes trogii S0301. Biotechnol Biofuels. 2019;12(1):1–13. https://​doi.​
org/​10.​1186/​s13068-​019-​1596-3.

	 60.	 Shin SK, Ko YJ, Hyeon JE, Han SO. Studies of advanced lignin valoriza-
tion based on various types of lignolytic enzymes and microbes. Biores 
Technol. 2019;289: 121728. https://​doi.​org/​10.​1016/j.​biort​ech.​2019.​
121728.

	 61.	 Youn H-D, Hah YC, Kang S-O. Role of laccase in lignin degradation by 
white-rot fungi. FEMS Microbiol Lett. 1995;132(3):183–8.

	 62.	 Priyadarshinee R, Kumar A, Mandal T, Dasguptamandal D. Unleashing 
the potential of ligninolytic bacterial contributions towards pulp and 
paper industry: key challenges and new insights. Environ Sci Pollut Res. 
2016;23(23):23349–68. https://​doi.​org/​10.​1007/​s11356-​016-​7633-x.

	 63.	 Rahi DK, Rahi S, Pandey A, Rajak R. Enzymes from mushrooms and their 
industrial applications. In: Rai M, editor. Advances in fungal biotechnol-
ogy. New Delhi: I.K. International Publishing House; 2009. p. 136–84.

	 64.	 Ahmad M, Roberts JN, Hardiman EM, Singh R, Eltis LD, Bugg TD. Iden-
tification of DypB from Rhodococcus jostii RHA1 as a lignin peroxidase. 

Biochemistry. 2011, 50(23):5096–5107. dx.doi.org/https://​doi.​org/​10.​
1021/​bi101​892z.

	 65.	 Bandounas L, Wierckx NJ, de Winde JH, Ruijssenaars HJ. Isolation and 
characterization of novel bacterial strains exhibiting ligninolytic poten-
tial. BMC Biotechnology. 2011, 11(1):1–11. http://​www.​biome​dcent​ral.​
com/​1472-​6750/​11/​94.

	 66.	 Chandra R, Raj A, Purohit H, Kapley A. Characterisation and optimisation 
of three potential aerobic bacterial strains for kraft lignin degradation 
from pulp paper waste. Chemosphere. 2007;67(4):839–46. https://​doi.​
org/​10.​1016/j.​chemo​sphere.​2006.​10.​011.

	 67.	 Chandra R, Singh R. Decolourisation and detoxification of rayon grade 
pulp paper mill effluent by mixed bacterial culture isolated from pulp 
paper mill effluent polluted site. Biochem Eng J. 2012;61:49–58. https://​
doi.​org/​10.​1016/j.​bej.​2011.​12.​004.

	 68.	 Wang Y, Liu Q, Yan L, Gao Y, Wang Y, Wang W. A novel lignin degra-
dation bacterial consortium for efficient pulping. Biores Technol. 
2013;139:113–9. https://​doi.​org/​10.​1016/j.​biort​ech.​2013.​04.​033.

	 69.	 Li C, Chen C, Wu X, Tsang C-W, Mou J, Yan J, Liu Y, Lin CSK. Recent 
advancement in lignin biorefinery: With special focus on enzymatic 
degradation and valorization. Biores Technol. 2019;291: 121898.

	 70.	 Weng C, Peng X, Han Y. Depolymerization and conversion of lignin 
to value-added bioproducts by microbial and enzymatic cataly-
sis. Biotechnol Biofuels. 2021;14(1):1–22. https://​doi.​org/​10.​1186/​
s13068-​021-​01934-w.

	 71.	 Chen G-Q. A microbial polyhydroxyalkanoates (PHA) based bio-and 
materials industry. Chem Soc Rev. 2009;38(8):2434–46. https://​doi.​org/​
10.​1039/​b8126​77c.

	 72.	 Sampaio J. Utilization of low molecular weight lignin-related aro-
matic compounds for the selective isolation of yeasts: Rhodotorula 
vanillica, a new basidiomycetous yeast species. Syst Appl Microbiol. 
1995;17(4):613–9.

	 73.	 Ali SS, Al-Tohamy R, Koutra E, El-Naggar AH, Kornaros M, Sun J. 
Valorizing lignin-like dyes and textile dyeing wastewater by a newly 
constructed lipid-producing and lignin modifying oleaginous yeast 
consortium valued for biodiesel and bioremediation. J Hazard Mater. 
2021;403: 123575. https://​doi.​org/​10.​1016/j.​jhazm​at.​2020.​123575.

	 74.	 Wang G-Y, Chi Z, Song B, Wang Z-P, Chi Z-M. High level lipid production 
by a novel inulinase-producing yeast Pichia guilliermondii Pcla22. Biores 
Technol. 2012;124:77–82.

	 75.	 Bao J, Huang M, Petranovic D, Nielsen J. Moderate expression of SEC16 
increases protein secretion by Saccharomyces cerevisiae. Applied and 
environmental microbiology.2017, 83(14):e03400–03416. https://​doi.​org/​
10.​1128/​AEM.​03400-​16.

	 76.	 Khlystov NA, Yoshikuni Y, Deutsch S, Sattely ES. A plant host, Nicotiana 
benthamiana, enables the production and study of fungal lignin-
degrading enzymes. Communications biology. 2021;4(1):1–13. https://​
doi.​org/​10.​1038/​s42003-​021-​02464-9.

	 77.	 Zhao C-H, Zhang R-K, Qiao B, Li B-Z, Yuan Y-J. Engineering budding 
yeast for the production of coumarins from lignin. Biochem Eng J. 
2020;160: 107634. https://​doi.​org/​10.​1016/j.​bej.​2020.​107634.

	 78.	 Huang W-C, Tang I-C. Bacterial and yeast cultures–process characteris-
tics, products, and applications. Bioprocessing for value-added products 
from renewable resources. 2007:185–223.

	 79.	 Salmela M, Lehtinen T, Efimova E, Santala S, Santala V. Alkane and wax 
ester production from lignin-related aromatic compounds. Biotechnol 
Bioeng. 2019;116(8):1934–45. https://​doi.​org/​10.​1002/​bit.​27005.

	 80.	 Wang L, Nie Y, Tang Y-Q, Song X-M, Cao K, Sun L-Z, Wang Z-J, Wu X-L. 
Diverse bacteria with lignin degrading potentials isolated from two 
ranks of coal. Front Microbiol. 2016;7:1428. https://​doi.​org/​10.​3389/​
fmicb.​2016.​01428.

	 81.	 Peng X, Misawa N, Harayama S. Isolation and characterization of ther-
mophilic Bacilli degrading cinnamic, 4-coumaric, and ferulic acids. Appl 
Environ Microbiol. 2003;69(3):1417–27. https://​doi.​org/​10.​1128/​AEM.​
69.3.​1417-​1427.​2003.

	 82.	 Chandra R, Bharagava RN. Bacterial degradation of synthetic and kraft 
lignin by axenic and mixed culture and their metabolic products. Jour-
nal of environmental biology. 2013, 614 34(6):991.

	 83.	 Rahman NHA, Abd Aziz S, Hassan MA. Production of ligninolytic 
enzymes by newly isolated bacteria from palm oil plantation soils. 
BioResources. 2013;8(4):6136–50.

https://doi.org/10.1007/s13762-017-1269-3
https://doi.org/10.1007/s13762-017-1269-3
https://doi.org/10.1007/s00253-011-3743-z
https://doi.org/10.1007/s00253-011-3743-z
https://doi.org/10.1007/s12155-022-10401-9
https://doi.org/10.1007/s12155-022-10401-9
https://doi.org/10.1016/j.biombioe.2019.105325
https://doi.org/10.1007/s00253-019-09692-4
https://doi.org/10.1007/s00253-019-09692-4
https://doi.org/10.1186/s40793-015-0100-3
https://doi.org/10.5772/intechopen.71210
https://doi.org/10.1016/j.biortech.2012.05.144
https://doi.org/10.1016/j.biortech.2012.05.144
https://doi.org/10.1002/bab.1720
https://doi.org/10.1002/bab.1720
https://doi.org/10.1155/2017/8951658
https://doi.org/10.21203/rs.3.rs-203292/v1
https://doi.org/10.21203/rs.3.rs-203292/v1
https://doi.org/10.1016/j.biortech.2011.07.065
https://doi.org/10.1186/s13068-019-1596-3
https://doi.org/10.1186/s13068-019-1596-3
https://doi.org/10.1016/j.biortech.2019.121728
https://doi.org/10.1016/j.biortech.2019.121728
https://doi.org/10.1007/s11356-016-7633-x
https://doi.org/10.1021/bi101892z
https://doi.org/10.1021/bi101892z
http://www.biomedcentral.com/1472-6750/11/94
http://www.biomedcentral.com/1472-6750/11/94
https://doi.org/10.1016/j.chemosphere.2006.10.011
https://doi.org/10.1016/j.chemosphere.2006.10.011
https://doi.org/10.1016/j.bej.2011.12.004
https://doi.org/10.1016/j.bej.2011.12.004
https://doi.org/10.1016/j.biortech.2013.04.033
https://doi.org/10.1186/s13068-021-01934-w
https://doi.org/10.1186/s13068-021-01934-w
https://doi.org/10.1039/b812677c
https://doi.org/10.1039/b812677c
https://doi.org/10.1016/j.jhazmat.2020.123575
https://doi.org/10.1128/AEM.03400-16
https://doi.org/10.1128/AEM.03400-16
https://doi.org/10.1038/s42003-021-02464-9
https://doi.org/10.1038/s42003-021-02464-9
https://doi.org/10.1016/j.bej.2020.107634
https://doi.org/10.1002/bit.27005
https://doi.org/10.3389/fmicb.2016.01428
https://doi.org/10.3389/fmicb.2016.01428
https://doi.org/10.1128/AEM.69.3.1417-1427.2003
https://doi.org/10.1128/AEM.69.3.1417-1427.2003


Page 11 of 13Rammala and Zhou ﻿Biotechnology for Biofuels and Bioproducts           (2022) 15:64 	

	 84.	 Eggeling L, Sahm H. Degradation of coniferyl alcohol and other lignin-
related aromatic compounds by Nocardia sp. DSM 1069. Archives of 
Microbiology. 1980, 126(2):141–148.

	 85.	 Li J, Yuan H, Yang J. Bacteria and lignin degradation. Front Biol China. 
2009;4(1):29–38. https://​doi.​org/​10.​1007/​s11515-​008-​0097-8.

	 86.	 Cecil JH, Garcia DC, Giannone RJ, Michener JK. Rapid, parallel identifica-
tion of catabolism pathways of lignin-derived aromatic compounds 
in Novosphingobium aromaticivorans. Appl Environ Microbiol. 
2018;84(22):e01185-e1218. https://​doi.​org/​10.​1128/​AEM.​01185-​18.

	 87.	 Linger JG, Vardon DR, Guarnieri MT, Karp EM, Hunsinger GB, Franden 
MA, Johnson CW, Chupka G, Strathmann TJ, Pienkos PT. Lignin valoriza-
tion through integrated biological funneling and chemical catalysis. 
Proc Natl Acad Sci. 2014;111(33):12013–8.

	 88.	 Zhu D, Adebisi WA, Ahmad F, Sethupathy S, Danso B, Sun J. Recent 
Development of Extremophilic Bacteria and Their Application in 
Biorefinery. Frontiers in Bioengineering and Biotechnology. 2020;8:483. 
https://​doi.​org/​10.​3389/​fbioe.​2020.​00483.

	 89.	 Sainsbury PD, Hardiman EM, Ahmad M, Otani H, Seghezzi N, Eltis LD, 
Bugg TD. Breaking down lignin to high-value chemicals: the conversion 
of lignocellulose to vanillin in a gene deletion mutant of Rhodococcus 
jostii RHA1. ACS Chem Biol. 2013;8(10):2151–6.

	 90.	 Salvachúa D, Karp EM, Nimlos CT, Vardon DR, Beckham GT. Towards 
lignin consolidated bioprocessing: simultaneous lignin depo-
lymerization and product generation by bacteria. Green Chem. 
2015;17(11):4951–67. https://​doi.​org/​10.​1039/​C5GC0​1165E.

	 91.	 Haq I, Kumar S, Kumari V, Singh SK, Raj A. Evaluation of bioremediation 
potentiality of ligninolytic Serratia liquefaciens for detoxification of pulp 
and paper mill effluent. J Hazard Mater. 2016;305:190–9. https://​doi.​org/​
10.​1016/j.​jhazm​at.​2015.​11.​046.

	 92.	 Singh P, Srivastava N, Jagadish R, Upadhyay A. Effect of toxic pollutants 
from pulp and paper mill on water and soil quality and its remediation. 
International Journal of Lakes and Rivers. 2019;12:1–20.

	 93.	 Olajuyigbe FM, Fatokun CO, Oyelere OM. Biodelignification of some 
agro-residues by Stenotrophomonas sp. CFB-09 and enhanced produc-
tion of ligninolytic enzymes. Biocatalysis and agricultural biotechnology. 
2018, 15:120–130. https://​doi.​org/​10.​1016/j.​bcab.​2018.​05.​016.

	 94.	 Tian JH, Pourcher AM, Peu P. Isolation of bacterial strains able to 
metabolize lignin and lignin-related compounds. Lett Appl Microbiol. 
2016;63(1):30–7. https://​doi.​org/​10.​1111/​lam.​12581.

	 95.	 Crawford DL, Pometto AL III, Crawford RL. Lignin degradation by 
Streptomyces viridosporus: isolation and characterization of a new 
polymeric lignin degradation intermediate. Appl Environ Microbiol. 
1983;45(3):898–904.

	 96.	 Dutta S. Lignin deconstruction: chemical and biological approaches. In: 
Sustainable Catalytic Processes. Elsevier; 2015: 125–155.

	 97.	 Cole MM, Brown R. The vegetation of the Ghanzi area of western Bot-
swana. J Biogeogr. 1976;3:169–96.

	 98.	 Schlossberg S, Gobush K, Chase M, Elkan P, Grossmann F, Kohi E. Under-
standing the drivers of mortality in African savannah elephants. Ecologi-
cal Applications. 2020, 659 30(6): e02131. https://​doi.​org/​10.​1002/​eap.​
2131.

	 99.	 Brown ME, Chang MC. Exploring bacterial lignin degradation. Curr Opin 
Chem Biol. 2014;19:1–7. https://​doi.​org/​10.​1016/j.​cbpa.​2013.​11.​015.

	100.	 Moustafa MAM, Chel HM, Thu MJ, Bawm S, Htun LL, Win MM, Oo ZM, 
Ohsawa N, Lahdenperä M, Mohamed WMA, Ito K, Nonaka N, Nako 
R, Katakura K. Anthropogenic interferences lead to gut microbiome 
dysbiosis in Asian elephants and may alter adaptation processes to sur-
rounding environments. Sci Rep. 2021;11:741. https://​doi.​org/​10.​1038/​
s41598-​020-​80537-1.

	101.	 Schmidt E, Mykytczuk N, Schulte-Hostedde AI. Effects of the captive 
and wild environment on diversity of the gut microbiome of deer mice 
(Peromyscus maniculatus). ISME J. 2019;13(5):1293–305.

	102.	 Greene W, Dierenfeld ES, Mikota S. A review of Asian and African 
Elephants Gastrointestinal anatomy, physiology and pharmacology. 
Journal of Zoo and Aquarium Research Biotechnology. 2019; 7(1):1–14. 
https://​doi.​org/​10.​19227/​jzar.​v7i.​329.

	103.	 Romain S, Angkawanish T, Bampenpol P, Pongsopawijit P, Sombat-
phuthorn P, Nomsiri R, Silva-Fletcher A. Diet composition, food intake, 
apparent digestibility, and body condition score of the captive Asian 
elephant (Elephas maximus): A pilot study in two collections in Thailand. 
J Zoo Wildl Med. 2014;45:1–14.

	104.	 Clauss M, Steuer P, Müller DW, Codron D, Hummel J. Herbivory and 
body size: allometries of diet quality and gastrointestinal physiology, 
and implications for herbivore ecology and dinosaur gigantism. PLoS 
ONE. 2013;8(10): e68714.

	105.	 Ruiz-Dueñas FJ, Martínez ÁT. Microbial degradation of lignin: how a 
bulky recalcitrant polymer is efficiently recycled in nature and how 
we can take advantage of this. Microb Biotechnol. 2009;2(2):164–77. 
https://​doi.​org/​10.​1111/j.​1751-​7915.​2008.​00078.x.

	106.	 Skarpe C, Aarrestad PA, Andreassen HP, Dhillion SS, Dimakatso T, du 
Toit JT, Duncan JH, Hytteborn H, Makhabu S, Mari M, Marokane W, 
Masunga G, Modise D, Moe SR, Mojaphoko R, Mosugelo D, Motsumi 
S, Neo-Mahupeleng G, Ramotadima M, Rutina L, Sechele L, Sejoe, TB, 
Stokke S, Swenson JE, Taola C, Vandewalle M, Wegge P. The return of the 
giants: ecological effects of an increasing elephant population. AMBIO: 
A Journal of the Human Environment. 2004, 33(6):276–282.

	107.	 Neifar M, Maktouf S, Ghorbel RE, Jaouani A, Cherif A. Extremophiles as 
source of novel bioactive compounds with industrial potential. Biotech-
nology of bioactive compounds: sources and applications Wiley, Hoboken. 
2015:245–268.

	108.	 Jha P. Microbes thriving in extreme environments: how do they do 
it? International Journal of Applied Sciences and Biotechnology. 
2014;2(4):393–401.

	109.	 Blumer-Schuette SE, Brown SD, Sander KB, Bayer EA, Kataeva I, Zurawski 
JV, Conway JM, Adams MW, Kelly RM. Thermophilic lignocellulose 
deconstruction. FEMS Microbiol Rev. 2014;38(3):393–448. https://​doi.​
org/​10.​1111/​1574-​6976.​12044.

	110.	 Nicolaus B, Kambourova M, Oner ET. Exopolysaccharides from 
extremophiles: from fundamentals to biotechnology. Environ Technol. 
2010;31(10):1145–58. https://​doi.​org/​10.​1080/​09593​33090​35520​94.

	111.	 Woo HL, Hazen TC. Enrichment of bacteria from eastern Mediterranean 
Sea involved in lignin degradation via the phenylacetyl-CoA pathway. 
Front Microbiol. 2018;9:922. https://​doi.​org/​10.​3389/​fmicb.​2018.​00922.

	112.	 Mechichi T, Patel BK, Sayadi S. Anaerobic degradation of methoxylated 
aromatic compounds by Clostridium methoxybenzovorans and a nitrate-
reducing bacterium Thauera sp. strain Cin3, 4. International biodeterio-
ration & biodegradation. 2005, 56(4):224–230. doi: https://​doi.​org/​10.​
1016/j.​ibiod.​2005.​09.​001.

	113.	 Zhang J, Jia B. Enhanced butanol production using Clostridium 
beijerinckii SE-2 from the waste of corn processing. Biomass Bioenerg. 
2018;115:260–6. https://​doi.​org/​10.​1016/j.​biomb​ioe.​2018.​05.​012.

	114.	 Debnath R, Saha T. An insight into the production strategies and 
applications of the ligninolytic enzyme laccase from bacteria and fungi. 
Biocatal Agric Biotechnol. 2020;26: 101645. https://​doi.​org/​10.​1016/j.​
bcab.​2020.​101645.

	115.	 Ma L, Zhao Y, Meng L, Wang X, Yi Y, Shan Y, Liu B, Zhou Y, Lü X. Isolation 
of thermostable lignocellulosic bacteria from chicken manure compost 
and a m42 family endocellulase cloning from Geobacillus thermodeni-
trificans Y7. Front Microbiol. 2020;11:281. https://​doi.​org/​10.​3389/​fmicb.​
2020.​00281.

	116.	 Chen J, Liu C, Wu S, Liang J, Lei M. Enhancing the quality of bio-
oil from catalytic pyrolysis of kraft black liquor lignin. RSC Adv. 
2016;6(109):107970–6. https://​doi.​org/​10.​1039/​C6RA1​8923G.

	117.	 Taylor C, Hardiman E, Ahmad M, Sainsbury P, Norris P, Bugg T. Isolation 
of bacterial strains able to metabolize lignin from screening of environ-
mental samples. J Appl Microbiol. 2012;113(3):521–30. https://​doi.​org/​
10.​1111/j.​1365-​2672.​2012.​05352.x.

	118.	 Popovitch AE. Isolation and characterization of thermostable alkaline 
bacteria with ligninolytic potential. 2012. MSc. Thesis. Bozeman: Mon-
tana State University-Bozeman, College of Engineering.

	119.	 Jiang C, Cheng Y, Zang H, Chen X, Wang Y, Zhang Y, Wang J, Shen 
X, Li C. Biodegradation of lignin and the associated degradation 
pathway by psychrotrophic Arthrobacter sp. C2 from the cold region 
of China. Cellulose. 2020, 27(3):1423–1440. https://​doi.​org/​10.​1007/​
s10570-​019-​02858-3.

	120.	 Lu P, Wang W, Zhang G, Li W, Jiang A, Cao M, Zhang X, Xing K, Peng 
X, Yuan B. Isolation and characterization marine bacteria capable 
of degrading lignin-derived compounds. PLoS ONE. 2020;15(10): 
e0240187. https://​doi.​org/​10.​1371/​journ​al.​pone.​02401​87.

	121.	 Rezaei S, Shahverdi AR, Faramarzi MA. Isolation, one-step affinity 
purification, and characterization of a polyextremotolerant laccase from 
the halophilic bacterium Aquisalibacillus elongatus and its application in 

https://doi.org/10.1007/s11515-008-0097-8
https://doi.org/10.1128/AEM.01185-18
https://doi.org/10.3389/fbioe.2020.00483
https://doi.org/10.1039/C5GC01165E
https://doi.org/10.1016/j.jhazmat.2015.11.046
https://doi.org/10.1016/j.jhazmat.2015.11.046
https://doi.org/10.1016/j.bcab.2018.05.016
https://doi.org/10.1111/lam.12581
https://doi.org/10.1002/eap.2131
https://doi.org/10.1002/eap.2131
https://doi.org/10.1016/j.cbpa.2013.11.015
https://doi.org/10.1038/s41598-020-80537-1
https://doi.org/10.1038/s41598-020-80537-1
https://doi.org/10.19227/jzar.v7i.329
https://doi.org/10.1111/j.1751-7915.2008.00078.x
https://doi.org/10.1111/1574-6976.12044
https://doi.org/10.1111/1574-6976.12044
https://doi.org/10.1080/09593330903552094
https://doi.org/10.3389/fmicb.2018.00922
https://doi.org/10.1016/j.ibiod.2005.09.001
https://doi.org/10.1016/j.ibiod.2005.09.001
https://doi.org/10.1016/j.biombioe.2018.05.012
https://doi.org/10.1016/j.bcab.2020.101645
https://doi.org/10.1016/j.bcab.2020.101645
https://doi.org/10.3389/fmicb.2020.00281
https://doi.org/10.3389/fmicb.2020.00281
https://doi.org/10.1039/C6RA18923G
https://doi.org/10.1111/j.1365-2672.2012.05352.x
https://doi.org/10.1111/j.1365-2672.2012.05352.x
https://doi.org/10.1007/s10570-019-02858-3
https://doi.org/10.1007/s10570-019-02858-3
https://doi.org/10.1371/journal.pone.0240187


Page 12 of 13Rammala and Zhou ﻿Biotechnology for Biofuels and Bioproducts           (2022) 15:64 

the delignification of sugar beet pulp. Biores Technol. 2017;230:67–75. 
https://​doi.​org/​10.​1016/j.​biort​ech.​2017.​01.​036.

	122.	 Akita H, Kimura Z-i, Yusoff MZM, Nakashima N, Hoshino T. Isolation and 
characterization of Burkholderia sp. strain CCA53 exhibiting ligninolytic 
potential. SpringerPlus. 2016, 5(1):1–5. doi: https://​doi.​org/​10.​1186/​
s40064-​016-​2237-y.

	123.	 Ravi K, García-Hidalgo J, Nöbel M, Gorwa-Grauslund MF, Lidén G. 
Biological conversion of aromatic monolignol compounds by a 
Pseudomonas isolate from sediments of the Baltic Sea. AMB Express. 
2018;8(1):32. https://​doi.​org/​10.​1186/​s13568-​018-​0563-x.

	124.	 Sasikumar V, Priya V, Shankar CS, Sekar S. Isolation and preliminary 
screening of lignin degrading microbes. Journal of Academia and 
Industrial Research. 2014;3(6):291–4.

	125.	 Azizi-Shotorkhoft A, Mohammadabadi T, Motamedi H, Chaji M, Fazaeli 
H. Isolation and identification of termite gut symbiotic bacteria with 
lignocellulose-degrading potential, and their effects on the nutritive 
value for ruminants of some by-products. Anim Feed Sci Technol. 
2016;221:234–42. https://​doi.​org/​10.​1016/j.​anife​edsci.​2016.​04.​016.

	126.	 Makhuvele R, Ncube I, van Rensburg ELJ, La Grange DC. Isolation of 
fungi from dung of wild herbivores for application in bioethanol pro-
duction. Braz J Microbiol. 2017;48(4):648–55. https://​doi.​org/​10.​1016/j.​
bjm.​2016.​11.​013.

	127.	 Saripan AF, Reungsang A. Simultaneous saccharification and fermenta-
tion of cellulose for bio-hydrogen production by anaerobic mixed 
cultures in elephant dung. Int J Hydrogen Energy. 2014;39(17):9028–35. 
https://​doi.​org/​10.​1016/j.​ijhyd​ene.​2014.​04.​066.

	128.	 Zhang C, Xu B, Lu T, Huang Z. Metagenomic analysis of the fecal micro-
biomes of wild Asian elephants reveals microflora and enzymes that 
mainly digest hemicellulose. J Microbiol Biotechnol. 2019;29(8):1255–
65. https://​doi.​org/​10.​4014/​jmb.​1904.​04033.

	129.	 Kamsani N, Salleh MM, Yahya A, Chong CS. Production of lignocellulo-
lytic enzymes by microorganisms isolated from Bulbitermes sp. termite 
gut in solid-state fermentation. Waste and biomass valorization. 2016, 
7(2): 357–371.doi: https://​doi.​org/​10.​1007/​s12649-​015-​9453-5.

	130.	 Zhou H, Guo W, Xu B, Teng Z, Tao D, Lou Y, Gao Y. Screening and identi-
fication of lignin-degrading bacteria in termite gut and the construc-
tion of LiP-expressing recombinant Lactococcus lactis. Microb Pathog. 
2017;112:63–9. https://​doi.​org/​10.​1016/j.​micpa​th.​2017.​09.​047.

	131.	 Nwaefuna AE, Rumbold K, Boekhout T, Zhou N. Bioethanolic yeasts 
from dung beetles: tapping the potential of extremophilic yeasts for 
improvement of lignocellulolytic feedstock fermentation. Biotechnol 
Biofuels. 2021;14(1):1–10.

	132.	 Dumond L, Lam PY, van Erven G, Kabel M, Mounet F, Grima-Pettenati J, 
Tobimatsu Y, Hernandez-Raquet G. Termite gut microbiota contribution 
to wheat straw delignification in anaerobic bioreactors. ACS Sustainable 
Chemistry & Engineering. 2021;9(5):2191–202. https://​doi.​org/​10.​1021/​
acssu​schem​eng.​0c078​17.

	133.	 Jose VL, Appoothy T, More RP, Arun AS. Metagenomic insights into the 
rumen microbial fibrolytic enzymes in Indian crossbred cattle fed finger 
millet straw. AMB Express. 2017;7(1):1–11. https://​doi.​org/​10.​1186/​
s13568-​016-​0310-0.

	134.	 Wahyudi A, Cahyanto M, Soejono M, Bachruddin Z. Potency of lignocel-
lulose degrading bacteria isolated from buffalo and horse gastrointes-
tinal tract and elephant dung for feed fiber degradation. Journal of the 
Indonesian Tropical Animal Agriculture. 2010;35(1):34–41.

	135.	 Woo HL, Ballor NR, Hazen TC, Fortney JL, Simmons B, Davenport KW, 
Goodwin L, Ivanova N, Kyrpides NC, Mavromatis K. Complete genome 
sequence of the lignin-degrading bacterium Klebsiella sp. strain BRL6–2. 
Standards in genomic sciences. 2014, 774 9(1):1–9.

	136.	 Kumar A, Chandra R. Ligninolytic enzymes and its mechanisms for 
degradation of lignocellulosic waste in environment. Heliyon. 2020;6(2): 
e03170. https://​doi.​org/​10.​1016/j.​heliy​on.​2020.​e03170.

	137.	 DeAngelis KM, Sharma D, Varney R, Simmons BA, Isern NG, Markillie 
LM, Nicora CD, Norbeck AD, Taylor RC, Aldrich JT. Evidence support-
ing dissimilatory and assimilatory lignin degradation in Enterobacter 
lignolyticus SCF1. Front Microbiol. 2013;4:280. https://​doi.​org/​10.​3389/​
fmicb.​2013.​00280.

	138.	 Kameshwar AKS, Qin W. Qualitative and quantitative methods for 
isolation and characterization of lignin-modifying enzymes secreted by 
microorganisms. BioEnergy Research. 2017;10(1):248–66. https://​doi.​
org/​10.​1007/​s12155-​016-​9784-5.

	139.	 Levin L, Papinutti L, Forchiassin F. Evaluation of Argentinean white rot 
fungi for their ability to produce lignin-modifying enzymes and decol-
orize industrial dyes. Biores Technol. 2004;94(2):169–76. https://​doi.​org/​
10.​1016/j.​biort​ech.​2003.​12.​002.

	140.	 Barai S, Chattopadhyay L, Majumdar B. Studies on delignification in 
jute (Corchorus spp L.) fibre with promising lignin degrading bacterial 
isolates. J Environ Biol. 2020, 41:703–710.

	141.	 Ahmad M, Taylor CR, Pink D, Burton K, Eastwood D, Bending GD, Bugg 
TD. Development of novel assays for lignin degradation: compara-
tive analysis of bacterial and fungal lignin degraders. Mol BioSyst. 
2010;6(5):815–21.

	142.	 Gonçalves CC, Bruce T, Silva CdOG, Fillho EXF, Noronha EF, Carlquist M, 
Parachin NS. Bioprospecting Microbial Diversity for Lignin Valoriza-
tion: Dry and Wet Screening Methods. Frontiers in Microbiology. 2020, 
11:1081. doi: https://​doi.​org/​10.​3389/​fmicb.​2020.​01081.

	143.	 Steffen K, Hofrichter M, Hatakka A. Mineralisation of 14 C-labelled syn-
thetic lignin and ligninolytic enzyme activities of litter-decomposing 
basidiomycetous fungi. Appl Microbiol Biotechnol. 2000;54(6):819–25.

	144.	 Stanbury PF, Whitaker A, Hall SJ. Principles of fermentation technology: 
Elsevier; 2013.

	145.	 Raj A, Reddy MK, Chandra R. Identification of low molecular weight 
aromatic compounds by gas chromatography–mass spectrometry 
(GC–MS) from kraft lignin degradation by three Bacillus sp. Int Biodete-
rior Biodegradation. 2007;59(4):292–6.

	146.	 Chen DM, Taylor AF, Burke RM, Cairney JW. Identification of genes for 
lignin peroxidases and manganese peroxidases in ectomycorrhizal 
fungi. New Phytol. 2001;152:151–8.

	147.	 Couger MB, Graham C, Fathepure BZ. Genome Sequence of Lignin-
Degrading Arthrobacter sp. Strain RT-1, Isolated from Termite Gut 
and Rumen Fluid. Microbiology resource announcements. 2020, 9(3): 
e01442–01419.

	148.	 Kumar M, Verma S, Gazara RK, Kumar M, Pandey A, Verma PK, Thakur IS. 
Genomic and proteomic analysis of lignin degrading and polyhy-
droxyalkanoate accumulating β- proteobacterium Pandoraea sp. ISTKB. 
Biotechnology for biofuels. 2018, 11(1):1–23. 813.

	149.	 Fang W, Fang Z, Zhou P, Chang F, Hong Y, Zhang X, Peng H, Xiao Y. Evi-
dence for lignin oxidation by the giant panda fecal microbiome. PLoS 
ONE. 2012;7(11): e50312. https://​doi.​org/​10.​1371/​journ​al.​pone.​00503​12.

	150.	 Beloqui A, Pita M, Polaina J, Martínez-Arias A, Golyshina OV, Zumárraga 
M, Yakimov MM, García-Arellano H, Alcalde M, Fernández VM. Novel 
polyphenol oxidase mined from a metagenome expression library of 
bovine rumen: biochemical properties, structural analysis, and phyloge-
netic relationships. J Biol Chem. 2006;281(32):22933–42.

	151.	 dos Santos Melo-Nascimento AO, Mota Moitinho Sant´ Anna B, Gon-
calves CC, Santos G, Noronha E, Parachin N, de Abreu Roque MR, Bruce 
T. Complete genome reveals genetic repertoire and potential meta-
bolic strategies involved in lignin degradation by environmental ligni-
nolytic Klebsiella variicola P1CD1. PloS one. 2020, 824 15(12):e0243739.

	152.	 Strachan CR, Singh R, VanInsberghe D, Ievdokymenko K, Budwill K, 
Mohn WW, Eltis LD, Hallam SJ. Metagenomic scaffolds enable combina-
torial lignin transformation. Proc Natl Acad Sci. 2014;111(28):10143–8.

	153.	 Khara P, Roy M, Chakraborty J, Ghosal D, Dutta TK. Functional charac-
terization of diverse ring-hydroxylating oxygenases and induction of 
complex aromatic catabolic gene clusters in Sphingobium sp. PNB. FEBS 
Open Bio. 2014;4:290–300. https://​doi.​org/​10.​1016/j.​fob.​2014.​03.​001.

	154.	 Ren L, Jia Y, Zhang R, Lin Z, Zhen Z, Hu H, Yan Y. Insight into metabolic 
versatility of an aromatic compounds-degrading Arthrobacter sp. 
YC-RL1. Frontiers in microbiology. 2018, 9:2438.

	155.	 Fernández-Fueyo E, Ruiz-Dueñas FJ, Martínez MJ, Romero A, Hammel 
KE, Medrano FJ, Martínez AT. Ligninolytic peroxidase genes in the oyster 
mushroom genome: heterologous expression, molecular structure, 
catalytic and stability properties, and lignin-degrading ability. Biotech-
nol Biofuels. 2014;7(1):1–23.

	156.	 Scully ED, Geib SM, Hoover K, Tien M, Tringe SG, Barry KW, Glavina del 
Rio T, Chovatia M, Herr JR, Carlson JE. Metagenomic profiling reveals 
lignocellulose degrading system in a microbial community associated 
with a wood-feeding beetle. PloS 841 one. 2013, 8(9):e73827.

	157.	 Steensels J, Snoek T, Meersman E, Nicolino MP, Voordeckers K, Ver-
strepen KJ. Improving industrial yeast strains: exploiting natural and 
artificial diversity. FEMS Microbiol Rev. 2014;38(5):947–95.

https://doi.org/10.1016/j.biortech.2017.01.036
https://doi.org/10.1186/s40064-016-2237-y
https://doi.org/10.1186/s40064-016-2237-y
https://doi.org/10.1186/s13568-018-0563-x
https://doi.org/10.1016/j.anifeedsci.2016.04.016
https://doi.org/10.1016/j.bjm.2016.11.013
https://doi.org/10.1016/j.bjm.2016.11.013
https://doi.org/10.1016/j.ijhydene.2014.04.066
https://doi.org/10.4014/jmb.1904.04033
https://doi.org/10.1007/s12649-015-9453-5
https://doi.org/10.1016/j.micpath.2017.09.047
https://doi.org/10.1021/acssuschemeng.0c07817
https://doi.org/10.1021/acssuschemeng.0c07817
https://doi.org/10.1186/s13568-016-0310-0
https://doi.org/10.1186/s13568-016-0310-0
https://doi.org/10.1016/j.heliyon.2020.e03170
https://doi.org/10.3389/fmicb.2013.00280
https://doi.org/10.3389/fmicb.2013.00280
https://doi.org/10.1007/s12155-016-9784-5
https://doi.org/10.1007/s12155-016-9784-5
https://doi.org/10.1016/j.biortech.2003.12.002
https://doi.org/10.1016/j.biortech.2003.12.002
https://doi.org/10.3389/fmicb.2020.01081
https://doi.org/10.1371/journal.pone.0050312
https://doi.org/10.1016/j.fob.2014.03.001


Page 13 of 13Rammala and Zhou ﻿Biotechnology for Biofuels and Bioproducts           (2022) 15:64 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	158.	 Ramírez M, Peréz F, Regodón JA. A simple and reliable method for 
hybridization of homothallic wine strains of Saccharomyces cerevisiae. 
Appl Environ Microbiol. 1998;64(12):5039–41.

	159.	 Warringer J, Zörgö E, Cubillos FA, Zia A, Gjuvsland A, Simpson JT, Fors-
mark A, Durbin R, Omholt SW, Louis EJ. Trait variation in yeast is defined 
by population history. PLoS Genet. 2011;7(6): e1002111.

	160.	 Swamy K, Zhou N. Experimental evolution: its principles and applica-
tions in developing stress-tolerant yeasts. Applied microbiology and 
biotechnology. 2019, 103(5):2067–2077. 853.

	161.	 Barrick JE, Lenski RE. Genome dynamics during experimental evolution. 
Nat Rev Genet. 2013;14(12):827–39.

	162.	 Lang GI, Rice DP, Hickman MJ, Sodergren E, Weinstock GM, Botstein D, 
Desai MM. Pervasive genetic hitchhiking and clonal interference in forty 
evolving yeast populations. Nature. 2013;7464:571–4.

	163.	 Mustonen V, Lässig M. Fitness flux and ubiquity of adaptive evolution. 
Proc Natl Acad Sci. 2010;107(9):4248–53.

	164.	 Woolston BM, Edgar S, Stephanopoulos G. Metabolic engineering: past 
and future. Annu Rev Chem Biomol Eng. 2013;4:259–88.

	165.	 Kumar RR, Prasad S. Metabolic engineering of bacteria. Indian 
journal of microbiology. 2011;51(3):403–9. https://​doi.​org/​10.​1007/​
s12088-​011-​0172-8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1007/s12088-011-0172-8
https://doi.org/10.1007/s12088-011-0172-8

	Looking into the world’s largest elephant population in search of ligninolytic microorganisms for biorefineries: a mini-review
	Abstract 
	Background
	Lignin waste stream background
	Lignin depolymerisation using ligninolytic microorganisms: limitations and challenges
	Elephant gastrointestinal tract as possible source of extremophilic ligninolytic microorganisms
	Extremophilic ligninolytic microorganisms: a key trait sought in production strains
	Ligninolytic microorganisms from other animal guts other than elephants
	Current methods and advances in the discovery of ligninolytic microorganisms from herbivore guts and dung
	Isolation, screening, and detection of metabolites methods

	Molecular confirmation of ligninolytic activity and identification of ligninolytic isolates
	Strategies to improve ligninolytic activity of microorganisms from elephant guts
	Conclusion and future directions
	Acknowledgements
	References




